Time of flight (TOF) mass spectrometry is used in conjunction with a variable repelling voltage technique to elucidate the mechanism by which phenol ionizes and dissociates under 266 nm pulsed laser irradiation in combination with a 532 nm or 355 nm pulsed laser. The results suggest that, like benzene, the molecular ion is the predominant precursor of all ionic species generated in the process. Predominance of CsH species at relatively low powers confirms the presence of a low energy dissociation channel involving the elimination of CO. The use of a second laser at 532 nm is found to selectively destroy the CsHc (as compared to the parent ion) species. The parent ion is found to be protected from the radiation of the second laser pulse at 532 nm but not at 355 nm if the second laser pulse is delayed by 50 ns. This is explained in terms of relaxation within the parent ion energy levels, the location of a low energy dissociation channel and the wavelengths of the lasers used. The main aspects of the fragmentation pattern are discussed in terms of the statistical theory of Rebentrost and Ben-Shaul.
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Unlike electron impact mass spectrometry, which commonly uses either quasiequilibrium or RRKM theory to interpret fragmentation patterns, there appears to be no unifying theory which predicts multiphoton ionization-dissociation (MPID) mass spectral results. Instead, three mechanisms have been suggested which attempt to t Part of this work was used in partial fulfillment of the Ph.D Degree of RSP and DAG.
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Present address: Air Force Geophysics Laboratory, Hanscom Air Force Base, MA 01731. 29 explain MPID mass spectra, x-7 Each mechanism tends to be more applicable in certain instances, depending upon the system under consideration and the frequency of excitation used.
In the first mechanism, the molecular ion is the precursor of all other ions. 2 After the molecular ion is generated, it absorbs further photons to fragment into smaller ions which in turn absorb more photons etc. This is commonly referred to as the ionic ladder climbing mechanism and has been cited in numerous instances. 2'5'6 In the second mechanism, the molecule fragments through low energy dissociation channels before ionization occurs. 7 Therefore no common precursor intermediate exists for all observed ionic species. This mechanism has often been used to discuss the fragmentation behavior of organometallic systems. 8'9 In the third mechanism the neutral molecule absorbs many more photons than are necessary to reach the lowest ionization potential before it does so. 4 When it does, all observed species are simultaneously generated in one step and the entropic theory has been conveniently applied. 1 Phenol has been the subject of numerous recent mass spectrometric investigations. 11-4 Among the topics discussed has been the purported isomerization ot the phenol radical cation to another structure prior to fragmentation. Several structures have been suggested. The sources of excitation used in all these reports include electron impact, field ionization collision induced dissociation and electron impact collision induced dissociation.
In this paper we have two sections. In the first, experimental results on the effect of laser power, laser wavelength, and repelling voltage using one or two pulsed lasers upon the fragmentation pattern of phenol are presented. In addition, results are given for the two-color experiment on the effect of the decay between the pulses. The results elucidate whether ionization or fragmentation is the primary process in the laser induced MPID of phenol.
As with other aromatic systems such as benzene, 2 benzene-d6, 5 and aniline, 16 phenol is found to fragment via the ionic ladder climbing mechanism under 266 nm excitation. An interesting effect of the delay is observed and discussed.
In the second section of the paper, the Rebentrost-Ben-Shaul theoretical mechanism 7 is used to qualitatively discuss the main results obtained.
EXPERIMENTAL STUDIES Experimental
The apparatus consists of a time-of-flight mass spectrometer designed for use with a multiphoton ionization source. More details of the apparatus are given elsewhere. 15 The fourth harmonic (266 nm) of a Quanta-Ray DCR Nd:YAG laser is focussed with a 13 cm quartz lens into the ionization region of the mass spectrometer. The second (532 nm) or third (355 nm) harmonic is cofocussed through another 13 cm quartz lens into the ionization region along the same optical path as the 266 nm pulse but with different direction of propagation. Experiments have been carried out with the second and fourth harmonics simultaneously, with optical delays of 6, 25, and 50 ns. Generally, the 266 nm fourth harmonic was generated with approximate energy of 0.1 mJ/pulse; the 532 nm second harmonic, and the 355 nm third harmonic were kept at approximately 5 mJ/pulse. The repelling potential method used to elucidate the mechanism of multiphoton ionization dissociation is described in detail elsewhere, is Briefly, two laser pulses separated in time by up to 50 ns are cofocussed at the entrance of a time-of-flight mass spectrometer. By varying the acceleration potential, it is possible to expose ions created by the first pulse to varying amounts of the second pulse. It is therefore possible to observe the evolution of ion signal due to fragmentation caused by the second pulse.
Results and discussion
Below we summarize and discuss the different experiments.
A. The results of the 266 nm experiment 1) Except for very low laser powers, significant amounts of C6H60 + and CsH.are observed simultaneously (see bottom spectrum in Figure 1 ). This is in contrast to benzene 2 and benzene-d615 where it is possible to produce exclusively the molecular ion in large quantities at moderate laser powers. This can be explained by the fact that the formation of C4H, the lowest energy fragment of fewer than six I-- carbon atoms from benzene, requires an excess of 5 eV above the ionization continuum (i.e., a two photon process using 266 nm photons) TM whereas the formation of CsH fragments from phenol requires only 3 eV of energy (one 266 nm photon) above the ionization continuum. 13 Thus, the difference in rate processes requiring one.-and two-photon absorption might account for this observation.
2) Figure 2 shows that as the laser power increases, the parent ion yield relative to the total ion current decreases, while the CsHand C3H yields increase. This suggests that the CsH species is derived from the molecular ion by the absorption of radiation. This together with the fact that it is formed with a high yield might suggest that the CsH / x species is mostly CsH-.
B. Two color experiments
1. The effect of the delay (Figure 1 ). The 532 nm laser pulse alone does not fragment the phenol molecular ion at the powers used in our experiments. However, as shown in Figure 1 , in the presence of the 266 nm laser radiation, both the parent ion and the CsHions are found to decrease while the C3H, c2n, and CH.e. yields increase. This suggests that both the parent ion and the CsH.-fragment formed by the 266 nm radiation absorb the 532 nm radiation to yield smaller ions. If the 532 nm radiation is delayed from the 266 nm pulse, it becomes inefficient at destroying the parent ion but continues to fragment the CsH.-species (Figure l d ). This might suggest that fragmentation of the parent ion by the green laser pulse is possible from an excited level of the ion. The delay between the two laser pulses allows for the relaxation of ions to take place from this level to other levels or configurations from which the absorption of the green laser radiation has a much reduced one-photon transition probability.
Phenol has an intense absorption around 266nm (4.66eV). Because of this, and the relatively low value of its ionization potential (8.37 eV as determined from its photoelectron spectrum) 19 it is possible to reach the first excited electronic state of the phenol radical cation with a one-photon resonant, two-photon ionization process with the 266 nm radiation. Figure 3 shows an energy level diagram of phenol and its molecular ion. According to this diagram, two 266 nm photons excite phenol to the 2A2 level of the molecular ion.
One green photon can energetically dissociate the molecular ion from this level to give CsH and CO If however the 2A 2 level of the parent ion could relax radiatively to the ground vibrational state of the 2B1 level of the ion or nonradiatively to an excited vibrational level of the ZB1 electronic state, a one photon absorption at 532 nm is either energetically insufficient to overcome the barrier to dissociation, or possesses a low absorption coefficient for the excited vibrational levels of the 2B state One photon of the 3 nm radiation is capable of dissociating the ground vibrational state of the ion. Thus, if relaxation occurs to any of the vibrational levels of the ground electronic state, the ion might still have sufficient absorption coefficient that would make this wavelength efficient in fragmenting the molecular ion, even if it is delayed. This is shown in Figure 4 . 2. The contribution of neutrals. Figure 5 shows that like benzene, further fragmentation with the 50 ns delayed 532 nm laser is found to diminish as the repelling voltage is increased (thus removing the parent and the CsHc ions formed from the first laser out of the focus of the delayed laser beam). This suggests that the contribution of neutral fragments formed from the first laser pulse to the formation of the small ionic fragments with the 532 nm pulse is not significant.
3. Power dependence. The power dependence of the 532 nm and 3 55 nm radiation delayed for 50 ns from the 266 nm ionizing pulse is shown in Figure 2 The effect of increasing the repelling potential in the 50 ns delayed two color (266 + 532 nm) experiment. The destruction of the primary pattern (formed from Hthe 266 nm radiation) with the 532 nm laser is found to be eliminated at high repelling voltage. This suggests a lack of neutral contribution to the ionic pattern from the 532 nm laser, as observed for benzene, aniline, and benzene-d6.
Of the 266 nm laser, the yield of the parent ion seems to be insensitive to the 532 nm power, but generally decreases with increasing the 355 nm power. The CsH.yields decrease continuously with the 532 nm power but increase first (due to the destruction of the parent ion), then decrease (due to its own destruction) as the power of the 3 55 nm radiation increases.
General observations and possible conclusions
The results of the repelling voltage study ( Figure 5 ) are consistent with the ladder climbing mechanism. That is, the molecular ion is the precursor of all other fragments. In contrast to similar experiments performed on benzene however, significant amounts of the daughter ion (CsH.-) are usually present. This is indicative of a low energy pathway (requiring in the case of CsH.one additional 532 nm photon) from the parent to daughter ion.
After delays of 6, 25, and 50 ns, the parent ion is unaffected by the 532 nm radiation. We interpret this to mean that, during such time, the initially prepared first excited state of that ion decays to the ground electronic manifold by nonradiative processes from whose levels the absorption of 532 nm radiation has a very small one-photon transition probability. When the laser pulses are made coincident in time, absorption of the 532 nm photons may take place from the excited electronic level of the phenol radical cation leading to further climbing of the ionic ladder and leading to further dissociation.
When the 532 nm pulse was replaced with a 355 nm pulse, it becomes possible to dissociate the molecular ion directly from its ground electronic state, thus causing attenuation of the molecular ion signal even after delays are introduced.
In both delayed and non-delayed experiments, the CsHradical cation absorbs at 532 nm and at 355 nm as is exemplified by its destruction at these wavelengths. Obviously, the extent and the specificity of ion destruction is sensitive to the power of the laser pulse, as well as its wavelength. This might open the field of determining the absorption spectrum of different ions by positive ion destruction spectroscopy.
The molecular ion of phenol displays a wavelength dependence to the second laser pulse. It is also sensitive to the delay between the first and the second pulse. When that pulse was the 532 nm second harmonic of the YAG, no destruction of the ion was observed with delay. On the other hand, delaying the 355 nm (third harmonic of the YAG) pulse is found to result in partial destruction of the molecular ion. As mentioned earlier, we interpret this as signifying that the 355 nm pulse might still be absorbed even if the delay causes a relaxation to any of the vibrational levels of the 2B1 electronic state.
This might not be the case for the absorption of the 532 nm laser radiation. The observed lack of parent ion destruction at this wavelength if it is delayed from the ionizing pulse could be explained in terms of relaxation to excited vibrational levels of the 2B1 state from which absorption at this wavelength has a low probability. Therefore, at moderate laser powers no significant fragmentation is observed.
In both delayed and non-delayed experiments, the CaHx fragment cation is the predominant product of the destruction of CsHx under our experimental conditions of moderate laser power. This suggests that the second step in the dissociation of the phenol radical cation involves the elimination of acetylene (C2H2). Under conditions of high laser power for the second laser pulse, C / is the predominant species observed.
Conclusion
The multiphoton ionization fragmentation mechanism of phenol arises from ionic ladder climbing. There are indications that the elimination of CO is the predominating first step in the fragmentation of the molecular ion. The resulting CsH.-fragment is selectively destroyed (as compared to the parent ion) by exposure to a second laser with 532 nm photons, delayed on the ns time scale from the initial ionizing laser pulse. This might suggest a means of determining the spectra of this positive ion by destruction spectroscopy.
The fragmentation of the parent ion by a second laser pulse is found to be diminished if a delay of 50 ns is used for the 532 nm pulse but not for the 355 nm pulse. An explanation invoking relaxation amongst the vibronic energy levels of the ion and a possible change in absorption cross section and a low energy dissociation channel yielding the CsH. species is given.
MULTIPHOTON IONIZATION-DISSOCIATION OF PHENOL:
A FURTHER TEST OF STATISTICAL THEORY Although many multiphoton ionization-dissociation experiments have been carried out, relatively little theoretical work has been attempted to better elucidate this fascinating observation in experimental chemical physics. The approach developed by Rebentrost and Ben-Shau115 utilizes statistical methods to explain the multiphoton dissociation of benzene ion. Many different ionic species are produced in this experiment, necessitating the adoption of a simplified density of product-states treatment in the statistical calculations. Although this model reproduced well the benzene ion multiphoton-induced mass spectra, this system is probably not the most sensitive test of this model, owing to the large number of dissociation pathways, which might tend to wash out relatively small differences between statistical and non-statistical processes.
A better test of the model might be the phenol ion. The multiphoton ionization mass spectra of this species are simpler, even at high laser power, than the benzene spectra. This might be because there are several fragmentation pathways for phenol ion and its primary daughter fragment, CsH, which lie at relatively low energy. These are:
C6H60 --CsH + CO M-/= 32.7 kcal/mole CsH C3H-+C2H3 AH 65 kcal/mole CsH --C2H + C3I-I4 72.3 kcal/mole Therefore, the potential exists for a sensitive test of the Rebentrost-Ben-Shaul method. In this section, the results of statistical calculations for this dissociation system are presented, and compared with experimental mass spectra of the phenol ion, given in Section 1.
Equations and data for calculations
For an ion / fragmenting to the species f+ + n, the Rebentrost-Ben-Shaul model gives the unnormalized fragmentation probability 17 as" Po(Ei, Ei) rE +a " sJ+ri/2-1rE +a E s +rn/2+1/2
where Ct is a constant with units of (momentum)-3, , is the reduced mass of the ]+-n pair, a0 is the path degeneracy, g and g, are electronic degeneracies, Q and Q, are rotational factors given by:
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E, E and E,, are energies of the respective species, related by the balance a and r are the number of vibrational and rotational degrees of freedom, the a.E0 terms represent zero-point vibrational energy (taken as zero in these calculations) and 1-Ihv represents the product of all vibrational frequencies of species/'+ and n. This expression is the internal energy distribution ion/'/.
When this expression is integrated over E, the total dissociation probability of i-/'/ is obtained. These integrals are of the form" adX x"/2(a -x) "/2 a n/2+,/2+1F(n/2 + 1)F(m/2 + 1)
When this entire calculation is completed for all processes + /'+, .+ + + + k --1 etc, for a given E, branching ratios may then be directly taken. The following dissociation processes were investigated. The data necessary to do calculations on these species are listed in Tables I  and II .
Results
A. C6H60 / dissociation The process:
C6H60 -' CsH + CO has a AH of 32.7 kcal/mol. All other dissociation processes lie considerably higher in energy. Indeed, the spectrum in Figure 5 (top) shows only C6 and Cs ions, probably making this the sole dissociation channel for C6H60 + in this experiment. However, some of the C4 ions appearing in the spectrum in Figure lb might actually be acrolein (CHzCHCHO) ions. Therefore, a rough calculation was performed for the process: B. C-// 6 Dissociation to C-Species For Ei 214 kcal/mol (four 532 nm photons), the probabilities for each of these dissociation processes increases as the AH for the processes decrease, which might be expected. However, none of these C4 species appears for certain in the experimental spectra. Even for Ei 250 kcal/mol, the probability of the most probable C-C process is calculated to be 200-300 times smaller than the least probable C C-+ C2 process. Higher levels of energy deposition are improbable. Therefore, C --C processes appear to be unimportant in this experiment.
C. C---C-+Ce The species C3H and C2Happear prominently in the experimental mass spectra. While the C3H + + 3/C2H2 ratio varies to some degree, probably because of differing laser powers between the spectra, the value is around four in Figure lc . Accordingly, calculations were performed for varying Ei. The value of E producing a branching ratio of four was found to be 190-195 kcal/mol ( Figure 6 ).
The internal energy distribution for CsH formed from phenol ion is plotted in Figure 7 for total absorbed photon energy of 3 x 266 nm. E(pmax) is at 88.5 kcal/mol.
Discussion
The statistical theory calculations correctly predict the relative absence of ions other than C6H60 + and CsH at low laser powers.
Some 266 nm single-beam spectra show a few other ions at lower masses, but this is most probably due to CsH dissociation. Of course, this is not a sensitive test of the theory. Since the threshold for C6H60 + --CsH +CO is so much lower (at least 70 kcal/mol) than the other C6H60 + dissociation processes, one might expect this channel to be the only one operative even if statistical theory did not apply here. In all probability, it does not apply, since CO abstraction from C6H60 + is not a simple bond scission.
The statistical calculations also are in accord with the apparent absence of a series of Call, + species arising from C5H. On the other hand, it is not possible to explain with this theory the dual peaks in the Ca region observed in the experimental mass spectra. In order to understand the Ca region better, it is necessary to accurately assign Figure lc (---4) , requires ---190 kcal/mol (i.e., by penol absorbing 3 x 266 nm photons to form CsH followed by two 532 nm photons to create these two ions). the masses of these two peaks. In any event, it appears that a non-statistical constraint operates to produce this pair of peaks.
However, the statistical theory proves very useful for explaining the CaH/C2H ratio produced from CsHdissociation. A consideration of the photon usage in the 266 nm single-beam experiment is enlightening here. Two 266 nm photons supply 9.32 eV. The ionization potential of phenol is 8.37eV. This leaves 0.95eV or 22 kcal/mol to cause dissociation of C6H60 +, which is less than the 32.7 kcal required for the CsH +CO channel. Therefore, further 266 nm photon absorption is required to cause dissociation. One (1 IS) . However, a total energy deposition of 3 x266 nm photons is +/C H + insufficient to create the observed C3H3/ 9. 9. branching ratio of four in the calculation. Approximately 100 kcal/mol (1 x 266 nm, 2x532nm) additional energy above E(pma,,)=88.5kcal/mol is necessary. Therefore, we believe that for those dual-beam spectra with a C3H-/Cg.H ratio of four, three 266 nm photons are absorbed to create CO and CsHwhich then absorbs two additional green photons to create C3Hand CH. In this case, the statistical theory provides a natural and reasonable explanation for the experimental mass spectra, although this does not constitute absolute proof of its validity.
Summary There appear to be certain aspects of multiphoton dissociation of C6H60 + which may be explained by the Rebentrost-Ben-Shaul theory. Specifically, the theory explains the CaH/C2H branching ratio arising from CsHdissociation. On the other hand, it gives little information about the initial dissociation of C6H60 +, and appears to be inconsistent with the experimental results in the C4 region. In any event, this is a promising system on which to carry out experiments in order to establish whether this theory works in this case, since the mass spectra are relatively simple except at very high powers, making it easier to reject certain dissociation pathways. This research is now 21 in progress.
